ABSTRACT: Capillary electrophoresis has emerged as a powerful approach for carbohydrate analyses since 2014. The method provides high resolution capable of separating carbohydrates by charge-to-size ratio. Principle applications are heavily focused on N-glycans, which are highly relevant to biological therapeutics and biomarker research. Advances in techniques used for N-glycan structural identification include migration time indexing and exoglycosidase and lectin profiling, as well as mass spectrometry. Capillary electrophoresis methods have been developed that are capable of separating glycans with the same monosaccharide sequence but different positional isomers, as well as determining whether monosaccharides composing a glycan are alpha or beta linked. Significant applications of capillary electrophoresis to the analyses of N-glycans in biomarker discovery and biological therapeutics are emphasized with a brief discussion included on carbohydrate analyses of glycosaminoglycans and mono-, di-, and oligosaccharides relevant to food and plant products. Innovative, emerging techniques in the field are highlighted and the future direction of the technology is projected based on the significant contributions of capillary electrophoresis to glycoscience from 2014 to the present as discussed in this review.
INTRODUCTION
Carbohydrates are fundamental to signaling, structure, and energy. These molecules play important roles in renewable energy, 1 disease, 2−4 aging, 5 food, 6 and therapeutics. 7 The critical nature of glycans in signaling 8 supports the use for disease diagnosis, prognosis, and therapeutic intervention. Glycoscience encompasses a diverse range of applications such as mapping glycopeptides in protein targets or elucidating the role of glycosylation in signaling and ligand−receptor binding. Insight into the processes that lead to changes in glycosylation continues to become increasingly important in medical research 9 and biopharmaceutical manufacturing. 10 Glycosylation modulates biological activity 11 and strongly affects the antibody effector function. This holds the potential to dramatically improve drug performance 7 but requires enabling technologies, including capillary electrophoresis (CE), 12, 13 to monitor microheterogeneity throughout manufacturing. 13 The interest in CE for glycoscience applications is evident by the recent high activity in published reviews in 2016 and 2017 alone. 14−18 This review focuses on the analysis of released oligosaccharides as a means to highlight the dynamic and rapidly evolving advances in CE instrumentation and methodology. In 2015, several industrial and academic laboratories participated in an interlaboratory test, which involved an Nglycan mapping exercise with a protein test sample and demonstrated good reproducibility in area and migration time. 19 Currently, commercial kits have made use of the technology more routine in industry by streamlining sample preparation for higher throughput.
20−24 These advances are serendipitous as a healthy rate of growth is expected for the antibody pharmaceutical market, which is estimated to reach an annual global value of $125 billion USD in 2020. 25 This creates an even more pressing need for high throughput analyses, which can be met by CE.
There are several advantages of CE. High electric field results in short separation times and high efficiency, in the absence of Joule heating. 26 Injected sample volumes are in the femtoliter to nanoliter range. Only a few milliliters of running buffer are required for a 24-h period. Separations performed on commercial instruments are automated. Detection limits with laser-induced fluorescence are in the femtomolar range. Typical instruments contain a single capillary with temperature control of the capillary and solutions. Multiple capillaries can be used in a single instrument to increase the throughput. For example, instruments used for DNA sequencing can hold from 16 to 96 capillaries. 27−31 Injections can even be multiplexed to deliver packets of sample within a single run to eliminate dwell times. 32 Innovations in instrumentation and in applications of the methodology continue and can be observed as a push to make the technique more accessible to researchers through commercially available solutions to interfacing CE with a mass spectrometer, as well as databases and software that increase the ease of data analysis. Analytical techniques are continually adapted to meet the growing challenges in carbohydrate analysis and CE plays a unique role in glycoscience research.
This review is an exhaustive update of the most recent activity in CE glycoscience applications, covering advances from 2014 through 2017. Recognizing that the field is multidisciplinary, attention is given to fundamental principles of glycan structure as well as CE separations. Advances in labeling and the development of highly automated, high throughput methods of sample preparation are noted. Substantial consideration is given to the three primary approaches to identifying glycan peaks, including migration time indexing, enzyme or lectin profiling, and mass spectrometry (MS). A discussion of advances in labeling and in particular in creating highly automated high throughput methods of sample preparation is included. A focus is placed on cutting edge applications and technologies. A review of applications for biomarker discovery, characterization of therapeutics, and applications to food and pathogen analyses is given. The report concludes with areas of emerging CE technologies that will have a long and sustaining effect in the field of glycosciences with further development.
BACKGROUND

Carbohydrate Fundamentals
It is easier to appreciate the analytical challenges associated with carbohydrate analyses by considering the complexity of carbohydrate structures. A brief description is presented in this review, which centers on factors important to CE. Other sources may provide additional information regarding a detailed description of glycan nomenclature and structure, 33 as well as an overview of different nomenclature and fragmentation patterns observed in MS. 34 Monosaccharides, which are the building blocks for polysaccharides such as glycans and glycoforms, can be roughly classified to contain an empirical formula of (C x (H 2 O) n ). A vast array of different monosaccharides exist, 35 but for the purposes of this review, only 6 structures are presented in Figure 1 to demonstrate the subtle differences in these structures. The position of the hydroxyl substituents is the only difference among hexose saccharides: mannose, glucose, and galactose. Examples of substituted hexose saccharides include Nacetylneuraminic acid and N-acetyl glucosamine. Fucose is an example of deoxy-hexose saccharide.
Polymerizing these saccharide monomers dramatically increases the structural diversity, as well as the complexity of carbohydrates. Oligosaccharides and polysaccharides can vary by the monomer structure. The linkage orientation can be alpha or beta, and the position of the linkage can differ, as shown in the trisaccharides depicted in Figure 2 . Although the known biosynthetic pathways of classes of oligosaccharides limit the variety of structures that are physiologically relevant, a range of diverse carbohydrate structures occur, which is why these molecules play a substantial part in signaling. A consequence of this diversity is that isomeric structures are not only possible but highly probable. Amidst this complexity in carbohydrate structure, other repeating structural motifs have been classified. This includes linear polysaccharides composed of repeating disaccharide units that are glycosaminoglycans (mucopolysaccharides). This class of polysaccharides, which plays various roles in life including motor function, cell growth, and anticoagulation, is composed of many familiar molecular classes such as heparin/heparan sulfate, chondroitin/dermatan sulfate, hyaluronic acid, and keratin sulfate.
A predominant class of carbohydrates in biomarker research and biological therapeutics are asparagine-linked carbohydrates or N-glycans. Serine and threonine glycans (O-glycans) also exist, but their analyses by electrophoresis has not accelerated to the same degree as seen for N-glycans owing to difficulties associated with glycan labeling via reductive amination following chemical release of the glycan by β-elimination. The common feature of N-linked glycans is a core structure composed of a combination of N-acetylglucosamine residues and mannose residues as shown in Figure 3 . 33 Complex Nglycans vary by the presence of fucose, galactose, additional branching and bisecting N-acetyl glucosamine, sialic acid capping, and other modifications such as polylactosamine capping. Although N-glycans represent only a single category of carbohydrates, there is a strong focus on these structures in CE because they are a post-translational modification with heavy implications in physiological function. This makes N-glycans powerful for biomarker discovery and for practical applications in biological therapeutics. In spite of the complexity and diversity of N-glycan structures, N-glycan labeling is simplified by targeting the reducing end of polysaccharide structures, as shown in Figure 3 . This ensures the molecules are labeled with a single fluorophore using standard reductive amination. The addition of a charged tag on the N-glycan structure is serendipitously compatible with CE.
Capillary Electrophoresis Fundamentals
Capillary zone electrophoresis separations are well-suited to biomolecular separations because the method is based on transport in an electric field. 36 Electroosmotic flow (EOF) and electrophoretic mobility are the two transport mechanisms that are fundamental to CE. EOF is the bulk flow of the background electrolyte. In a bare fused silica capillary EOF moves from the anode toward the cathode due to the negative surface charge of the capillary and the presence of the electric field. Electrophoretic transport is a function of charge-to-size ratio. Analyte is attracted to either the anode or cathode and the size of the molecule determines the speed of transport. These two modes of transport are superimposed in most CE separations. In a CE separation with the anode at the site of injection in a bare fused silica capillary, when EOF is present the order of analyte migration is small positively charged molecules, larger positively charged molecules, comigrating neutral molecules, large negatively charged molecules, and smaller negatively charged molecules.
Separations of carbohydrates by CE are unique because a majority of saccharides are uncharged, except glycans containing acidic sugars (e.g., N-acetylneuraminic acid, glucuronic acid, or iduronic acid). Additionally, carbohydrate molecules lack a chromophore and cannot be detected with absorbance detection in the UV range. These confounding factors are addressed by labeling the carbohydrates with a fluorophore. The fact that most fluorophores are charged is an advantage in CE because it ensures that the labeled carbohydrate migrates in the electric field. The fluorescent label 8-aminopyrene-1,3,6-trisulfonate (APTS) was among the first dyes reported for oligosaccharide analyses with CE 37 and has an excitation maximum near the 488 nm line of an argon ion laser. Labeling with APTS, which is shown in Figure 4 , has been well established. 38−40 Covalent modification of oligosaccharides by reductive amination produces singly labeled product at nearly 100% labeling efficiency.
Once labeled glycans are negatively charged, the separation is adjusted to rely on electrophoretic transport to accentuate differences in charge-to-size ratio. As depicted in Figure 5 , neutral glycans harbor three additional negative charges following conjugation to APTS. Sialylated glycans labeled with APTS are even more negative and as a result have an even faster migration. The EOF is suppressed by eliminating the surface charge on the capillary wall through surface modification. The electric field is applied under reversed polarity to drive anions toward the detection window. Using the simplest relationship between molecular weight and Figure 2 . Two structures of sialyllactose that differ only by the linkage between the sialic acid and galactose monosaccharides. The structure in panel A is 6′-sialyllactose, which is composed of an α2−6 linkage. The structure in panel B is 3′-sialyllactose, which is composed of an α2−3 linkage. Simplified mechanism of reductive amination as it is used to label carbohydrates with APTS using a reducing agent (sodium cyanoborohydride). molecular size, the electrophoretic mobility, μ eph , is a function of molecular size as described in eq 1
where q is the charge, η is the viscosity of the background electrolyte, and r is the hydrodynamic radius of the molecule. 41 Viscosity plays a role in frictional drag (see eq 1) and is one strategy to achieve the high resolution needed to distinguish oligosaccharide isomers. Additives are often included in the background electrolyte to improve resolution. The carbohydrate separation mechanism facilitated by the use of linear gels is solely based on charge-to-size ratio and is not size-based sieving, which is observed for larger biomolecules such as proteins and DNA. 42 As it is applied to carbohydrate analyses, the separation technique has been interchangeably referred to as CE or capillary gel electrophoresis when a gel is included in the background electrolyte. Fluorophore assisted carbohydrate electrophoresis has also been used, although this nomenclature can be misleading as the method may be accomplished using slab gel 43 27 A complementary study compared CE with fluorescent detection to anion exchange with pulsed amperometric detection and HILIC with fluorescent detection, which served as the reference. 49 Different modes of CE were evaluated including capillary zone electrophoresis (separations in the presence of EOF), capillary gel electrophoresis (separations under reversed polarity with suppressed EOF and a gel additive), and DNA fluorophore assisted CE (capillary gel electrophoresis at an elevated temperature using a genetic analyzer). The authors indicated only minor differences in accuracy, precision, and separation performance. 49 Comparisons of separation-based methods for N-glycan analyses using significantly larger sample sets to evaluate a wider range of glycosylation present on IgG antibodies were also reported. Adamczyk et al. explored the differences in separation based approaches of CE, reversed phase liquid chromatography, and HILIC by comparing the results obtained for therapeutic IgG Fc-glycosylation profiles from different healthy mammalian species. 50 The results of their work demonstrated that CE and HILIC had similar performance and were both better suited to resolve complex mixtures than reversed phase liquid chromatography. 50 In a separate report, Mahan et al. compared capillary gel electrophoresis to HILIC demonstrating that while both methods yield comparable results, electrophoresis was more cost-effective, consumed less sample, and was operated with higher throughput. 29 The authors demonstrated that the method was suitable to identify differences in glycosylation profiles for Fab fragments from polyclonal antibodies expressed within species and that glycosylation profiles are dramatically different across human, rhesus, and mouse. 29 
CARBOHYDRATE DERIVATIZATION
Advances in Labeling
Glycan labeling with APTS remains the method of choice for CE separations. 19,27,29,31,40,50−73 Glycan labeling with APTS through reductive amination is well-established and is preferred Figure 5 . Basic diagram of the capillary electrophoresis system commonly used to separate APTS-labeled glycans. Separations are performed in reverse polarity (cathode to anode) under suppressed electroosmotic flow using a coated capillary. APTS-labeled glycans are separated by charge-to-size ratio in the order of ascending hydrodynamic volume as shown in the inset and quantified using an electropherogram generated by laser-induced fluorescence.
over other strategies, including Michael addition or hydrazide 74 or oxime formation. 75 A recently reported modification of reductive amination chemistry is the use of catalysts to facilitate the direct transfer of hydrogen. 57 The use of catalysts is important to automated parallel processing and subsequently high throughput because it obviates the generation of hydrogen cyanide formed using sodium cyanoborohydride in the presence of acid.
In addition to APTS, other labeling reagents can be used with CE separations of carbohydrates. Recently, 2-aminobenzoic acid was used with a helium cadmium laser rather than an argon ion laser, 76 as well as for UV−visible absorbance detection 77 or CE coupled with MS. 78 The fluorescent label 7-amino-4-methylcoumarin 79 was also reported with an UV light emitting diode excitation source. This dye is neutral following conjugation and labeling, so the use of boric acid, which complexes with diols to form a negative complex in order to separate glycans, was required. 80 Despite the expansion of glycan analysis to the use of other dyes, APTS is still the most commonly utilized dye for glycan analysis by CE for several practical reasons. The fluorescence of the APTS labeled glycans is 40-fold higher than that of unconjugated APTS. 37 Additionally, the background interference from biomatrices can be reduced because the excitation wavelength of APTS is in the visible range (λ ex = 488 nm), whereas the other dyes are excited in the ultraviolet range, 2-amino benzoic acid (λ ex = 325 nm) and 7-amino-4-methylcoumarin (λ ex = 354 nm).
Analytical Technology To Improve Sample Processing
Given the significance of antibody therapeutics and a clear need to assess glycosylation on a high throughput scale, the enzymatic and chemical steps performed in research laboratories to deglycosylate, label, and purify samples are a bottleneck to routinely implementing CE separations in pharmaceutical processing. Serious effort has been invested in automating these sample handling steps required to achieve the labeled glycan products. Purification of antibody therapeutics from crude lysate using Protein A extraction cartridges and labeling are accomplished with a combination of commercial products or with complete kits. 63 Other efforts to increase throughput include different strategies to immobilize the enzyme or glycan during processing.
Prior to analysis, N-linked glycans are typically released from glycoproteins enzymatically, although methods of chemical release have recently been described based on simple oxidative release with sodium hypochlorite. 81 PNGase F, the enzyme commonly used for the release of N-glycans, has been immobilized using commercially available glutathione resin and a glutathione S-transferase fusion protein of PNGase F. 65 The authors demonstrated faster reaction kinetics for the immobilized enzyme and complete turnover for both immobilized and free solution PNGase F. 65 These automated steps have been fully integrated with a Biomek FX P Laboratory Automation Workstation. 64 Different commercial kits are available to prepare glycans with improved workflow. 20−24 Automated processing for labeling continues to advance beyond the use of HILIC extraction cartridges to purify labeled glycans. Magnetic beads (Agencourt Cleanseq magnetic beads from AB Sciex) have been used to automate 5 serial steps of labeling. 40 The commercial beads are manufactured to contain carboxylic acid functional groups. During deglycosylation, the glycone is liberated as a positively charged glycosylamine. This glycone product ion pairs with the carboxylic acid beads and is easily separated from the spent enzyme reaction and cleanly transferred to solution ideal for APTS labeling. During purification, the reaction solution is diluted to contain a high acetonitrile composition (80%). Under this condition, the beads support hydrophilic interaction, retaining glycans due to molecular crowding. An alternative strategy to purify labeled glycans from the labeling process utilizes solid phase extraction materials. A fritless in-line solid phase extraction device was designed that coupled large diameter anion exchange packing material into the separation by sandwiching the material between two narrow inner diameter capillaries. 70 The in-line fritless cartridge was used to enrich anionic samples prior to the CE separation and was successfully applied to APTS-labeled glycans. 70 Finally, slab gel electrophoresis was reported for glycan purification by excising gels and extracting the labeled glycans. 51 
METHODS TO IDENTIFY GLYCANS
Several methods have been developed in an effort to identify the structure and linkage composition of unknown glycans in samples. These techniques fall into the broad categories of calibration of migration time with ladders and standards, exoglycosidase and lectin reactions, and MS analysis. This section details the fundamentals and recent advances of these techniques as they are critical to glycan identification in current and emerging technologies.
Calibration of Migration Time with Ladders and Standards
CE utilizes a migration time index for glycan identification. Briefly, the migration of the analyte is best referenced to a size ladder generated by a homologous series of a linear glucose polymer. 82 Some aspects of the separation introduce variability in the migration time, which can be accounted for using a size ladder as a standard. The apparent mobility of the analyte is the sum of the electrophoretic mobility and bulk EOF. Although the EOF is suppressed, a small component is present and will change from run to run with any changes in the surface characteristics of the capillary wall. Adsorption of biomolecules to the surface, a change in the ionic strength of the background electrolyte, or variation in the pH, for example, due to electrolysis in the anodic and cathodic reservoir, will contribute to this modest variability in EOF. Referencing the analyte to the ladder solves any issues with reproducibility in the migration time. Glucose unit (GU) values have been used to quantify the impact of the number of monosaccharides and the monosaccharide linkage in CE separations and to estimate the unknown glycan structure (hydrodynamic size) as early as 1996, 83, 84 with a series of improvements being published. The approach is identical to the use of Kovat's index as a referencing tool in gas chromatography. Indexing migration time improves the reproducibility of separations based on the same method. It also is effective for comparing migration times across separations performed with different methods, as was demonstrated for different field strengths, effective separation lengths, separation temperatures, surface coatings, and injection modes. 85 Traditionally, a complete glycan ladder is used to estimate the relative size of the sample using the migration time of the standard oligomer and the analytes to address an experimentally observed change in ladder migration associated with a helical turn that occurs in maltooligosaccharide structures above a degree of polymerization of 7. 85 However, as shown in Figure 6 , the approach is simplified to only three coinjected size standards to accurately index migration time without the drawbacks of ladder and sample overlap due to comigration. 85 Additionally, one standard also serves to normalize variations in the sample injection. 85 The calculation of the GU value is straighforward. 56 As shown in eq 2, the glucose index of the specified glycan analyte,
where G N is the number of maltose in the adjacent maltooligosaccharide ladder peak, t X , t N , and t N+1 are the migration times of the target glycan and the N and N + 1 number of maltooligomers, respectively. The use of a glycan ladder and GU values was further improved with the built-in database GUcal for high throughput analysis, 56, 85 reported as www.gucal.hu. 86 The program automatically calculates the GU values of peaks in the electropherogram upon loading the ASCII file of both standard maltooligosaccharide ladder and sample traces.
GU values are also applied to evaluate the impact of temperature on hydrodynamic size of both linear and branched N-glycans using CE. 54, 87 The experimental results showed that GU values changed as a function of temperature from 20 to 50°C using background electrolytes prepared with or without linear polymer additives. The temperature dependence of the GU values is attributed to the difference in activation energy for linear and branched glycans, which is 0.4 and 1.5 J/mol/Å 3 , respectively. 54 The concept of exploiting differences in the activation energy of different glycan structures by changing separation temperature was utilized to optimize the resolution achievable for N-glycans of biotherapeutic interest. 87 Furthermore, the virtual maltooligosaccharide ladder was developed using a triple-internal standard approach in order to circumvent interference when co-injecting the glycan ladder with target analytes or the need to perform a separate run for the standard glycan ladder. These three internal standards include maltose (DP2), maltotriose (DP3), and maltopentadecaose (DP15). The DP3 was added to the cleaved N-glycans in order to estimate labeling as well as the injection efficiency. This enabled its use as an internal standard as well as a migration standard. The APTS labeled DP2 and DP15, which were not included in the sample reaction, bracketed the target analyte in the electropherograms without overlapping with the glycan peaks. The virtual glycan ladder from DP2 to DP7 was estimated using the migration time difference between the two injected standards, GU DP2 and GU DP3 . The ratio of the migration time differences between two consecutive peaks (DP < 7) to DP2 and DP3 was reproducible (RSD < 1%). On the other hand, the GU values for oligosaccharides with more than 7 glucoses (DP8−DP15) were evaluated using the migration time of DP15 in the sample traces because maltooligosaccharides with more than 7 glucoses form helical structures, and the migration time differences between two consecutive oligomers remain constant. 82 Therefore, the virtual ladder, as well as the injection efficiency, can be estimated using the triple-internal standard.
High precision of the measured GU values obtained from the triple-internal standard approach allows identification and prediction of the structures based on a direct comparison of GU values between known standards and the unknown glycan. The N-glycan profile of formalin-fixed paraffin-embedded mouse tissue samples was identified using the combination of exoglycosidase and the GU values. 58 The sample included neutral and mono-and disialo N-glycans. The presence of terminal sialic acid, carrying one negative charge, led to shorter migration times. Therefore, GU values in the range of 4−6, 7− 9, and 9−13 indicate disialo, monosialo, and neutral N-glycans, respectively. The N-glycan patterns after exoglycosidase treatment were identified using GU value and a publicly accessible database.
An alternative platform to analyze N-glycan sequence using multiplexed capillary gel electrophoresis was developed based on a DNA sequencing instrument. Software glyXtool 30, 66, 88 and glyXalign 30, 89 were developed for N-glycan analyses in order to address issues with shifts in migration time and peak assignment. GlyXalign and glyXtool identify the peaks and align the electropherograms based on the internal standard, which is composed of single-stranded DNA fragments ranging in size from 35 to 500 bases (GeneScan-500 LIZ Size Standard). As a result, high throughput analysis for N-glycan identification was achieved and applied for diagnostic purposes. 88 
Identification with Exoglycosidases and Lectins
4.2.1. Identification with Exoglycosidases. Exoglycosidases are enzymes that cleave an oligosaccharide residue from the nonreducing end of a glycan, proteoform, or oligosaccharide (see Figure 3) . These enzymes are selective for specific oligosaccharide monomers. The enzyme may have additional selectivity, for example, for the linkage orientation (α vs β) or the position of the carbon−carbon linkage (e.g., α2−3 vs α2−6 sialic acid as shown in Figure 2 ). Conversion of a carbohydrate by an exoglycosidase is only possible if the exoglycosidase specificity matches the characteristics of the terminal monomer. As summarized in Table 1 , a number of exoglycosidases are commercially available with different specificity. The conversion of substrate to product is harnessed with CE by analyzing the carbohydrate before and after enzyme treatment. The formation of product is observed as a shift in migration time. This is depicted conceptually in Figure 7A , where galactosidase enzyme cleaves terminal galactose residues from an N-glycan. It is possible to elucidate the sequence and linkage of oligosaccharides following treatment with appropriate exoglycosidases. These analyses are performed off-line or online with the CE.
The benefit of modifying N-glycan samples prior to CE separations using enzymes was recognized early. 90 Applications with CE have been performed off-line with a variety of enzymes 28, 59, 88, 91 and typically focus on removal of sialic acids 52, 66, 92 in some cases as a means to reduce complexity of the CE separation. 92 These reactions are typically performed overnight at an elevated temperature and a specified pH. Other considerations for off-line reactions include vendor added stabilizers or other additives with the potential to interfere with different aspects of the analysis. The formation of sodium adducts or introduction of nonvolatile salts is a concern for CE separations coupled with MS. The potential for some exoglycosidase enzymes to exhibit transferase activity, reattaching the liberated monomers to the product, can be alleviated with in-line reactions. Optimized reaction conditions with long incubation times allow the use of lower amounts of enzyme, which can be important for expensive enzymes, such as those with high specificity. This also accounts for differences in reaction rates inherent with different substrates. For example, neuraminidase derived from Clostridium perf ringens (C. welchii) exhibits higher rates of cleavage dependent upon the neuraminidase linkage with α2−3 > α2−6 > α2−8. This is in contrast to rates observed with neuraminidase derived from Arthrobacter ureafaciens or from Vibrio cholera, which exhibit cleavage rates of α2−6 > α2−3 > α2−8.
Exoglycosidases can also be integrated into the CE separation to streamline carbohydrate identification, reducing the amount of enzyme as well as the time required for enzymatic conversion. This was recently utilized as a means to quantify the rate of enzymatic cleavage as the Michaelis−Menten constant. Michaelis−Menten constants are determined by measuring the rate of product formation at different substrate concentrations. A plot of the reaction velocity against substrate concentration generates a hyperbolic curve. The substrate concentration that produces the half-maximal reaction velocity is the Michaelis−Menten constant. Neuraminidase enzymes with different sialic acid linkage specificity were evaluated for Michaelis−Menten constants for α2−3 versus α2−6 sialyllactose. 77 As measurement requires that the substrate concentration is on the order of the Michaelis−Menten constant, analyses of neuraminidase required the carbohydrates to be labeled with a UV−visible active tag (2-amino benzoic acid). This facilitated the use of substrate concentrations ranging from 0.4 to 7.4 mM, producing quantifiable levels of the lactose product.
With knowledge of the Michaelis−Menten constant, the method of in-line enzymatic sequencing was used to evaluate complex N-glycans. These studies were accomplished with fluorescent detection of APTS-labeled N-glycans, which made the method applicable to nanomolar N-glycan samples. Unique to this study was the use of a thermally reversible nanogel to pattern the enzyme in specific locations in the separation capillary either in aqueous background electrolyte or in capillary filled entirely with nanogel. Substrate was driven through the nanogel, and incubation was controlled electrophoretically by repeatedly applying voltage in forward and reverse polarity in order to cycle the analyte through the region of the capillary that contained enzyme. The study demonstrated a means to extend the lifetime of enzyme preparations at low concentration from a few hours to over 1-month. 77 Exoglycosidase with high specificity for α2−3 sialic acid linkages was used to evaluate the relative composition of sialic acid linkage. A significant finding of this work is that the enzyme considered general for α2−3 and α2−6 sialic acid could also be used to quantify the relative composition of sialic acid linkage by harnessing the lower reaction rate observed for α2−6 linkages as compared to α2−3 linkages. This resulted in substantial cost savings as enzymes with linkage specificity are more expensive than enzymes that cleave a particular saccharide residue regardless of linkage. The use of nanogel to pattern enzyme was extended to galactosidase in order to distinguish terminal galactose with a β1−3 versus β1−4 linkage in complex N-glycans. 93 Again, mixing during the reaction was provided via polarity switching. This strategy allows exquisite control of the ratio of enzyme to substrate, the incubation time, and reagent mixing, while also providing a practical strategy to sustain the enzyme activity in a costeffective manner. These applications are significant because linkage position holds potential to serve as a biomarker and CE can complement other technologies that identify linkage with mass spectrometry through derivatization and fragmentation analyses, 18, 94 as well as separation via liquid chromatography 95 or ion mobility. 18, 47, 94 The advantages associated with in-capillary enzymolysis can be realized with a number of exoglycosidases. Yamagami 
The specificity of lectins varies; for example, Sambucus nigra lectin binds only to α2−6 neuraminic acids while Maackia Amurensis lectin binds only to α2−3 neuraminic acids. As summarized in Table 2 , many other lectins exist and are commercially available with different specificities. Lectins are used for structural identification in CE by performing a separation in the absence and then the presence of the lectin in the background electrolyte. When a structural match is present, the lectin binds to the glycan, leading to a dramatic change in the charge-to-size ratio. As shown in Figure 7B , this is observed in the electropherogram as a peak that disappears. The versatility of this approach was reported by Kinoshita, through separations performed in the absence and presence of a single lectin added to the background electrolyte in each run. 97 
An alternative to filling the entire capillary with lectin is to confine the lectin to a zone within the capillary using a thermally reversible nanogel. This strategy enabled the use of lectins and enzymes in series and was used to distinguish Galβ1−3GlcNAc from Galβ1−4GlcNAc linkages in Nglycans. 93 The advantage of this approach is that combinations of lectins and enzymes can create unique specificity that is difficult to realize with the lectins and enzymes that are currently available. In the report by Holland et al, an enzyme specific for β1−4 galactose residues was used in combination with Erythrina cristagalli lectin specific for β1−3,4 galactose residues. 93 Analysis of the N-glycan was accomplished with two zones, with the first zone containing β1−4 galactosidase and the second containing Erythrina cristagalli lectin. The enzyme cleaved the terminal galactose residues with a Galβ1−4GlcNAc linkage, leaving any Galβ1−3GlcNAc linkage intact. The Erythrina cristagalli lectin subsequently pulled down any Nglycan containing residual Galβ1−3GlcNAc linkages.
Structural Verification with MS
MS is used as a tool to complement CE separations for the identification of glycan structures. Matrix assisted laser desorption ionization 55, 59 ,98−101 and electrospray ionization 91,98,102−105 are the most commonly employed ionization sources for N-glycan analysis. Matrix assisted laser desorption ionization methods relying on exact mass 59,98−100 and fragmentation 55, 101 have been reported for the determination of N-glycan structure. These matrix assisted laser desorption ionization methods occur either entirely decoupled from the CE separation 55, 59, 99, 100 or, as shown in Figure 8 , with the CE instrument modified in order to spot eluent from the capillary onto a plate used for matrix assisted laser desorption ionization. 98, 101 Alternatively, the electrospray ionization techniques occur almost exclusively in-line with the CE separation. 91,102−104 Sheathless interfaces that introduce ion flow to complete the electrical circuit are fragile, but as shown in Figure 9 , have been engineered to be easier for the user to manipulate and operate. 106 Glycan structure can be elucidated from electrospray ionization without fragmentation by employing mass deconvolution, 98 a combination of exoglycosidases and exact mass. 91, 103 However, several groups have demonstrated the value of fragmentation with electrospray ionization for identifying N-glycan structure. A recent report based on a previous microfluidic study 100 employed CE-MS electrospray ionization to reveal N-glycan structures in serum samples using a combination of chemical modification and fragmentation. 104 In this paper, the microfluidic laser-induced fluorescence technique provided better separation efficiency than the CE-MS; however, the advantage of using the CE-MS method is that the information from intact and fragment mass (m/z) enables the distinction of branched N-glycans, which could not be identified based on the migration time of the standards alone due to comigration, as shown in Figure 10 . The sialylated (α2−6 and α2−3 linkages) N-glycans were derivatized with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride following the production of amidated α2−6 linkages and lactones from α2−3 linkages. As a result, α2−3 and α2−6 linkages were distinguished from one another based on differences in mass as well as the electrophoretic mobilities. Cross-ring fragmentations generated from high energy collision induced dissociation further enabled the technique to identify linkage and positional isomers. As a result, 31 new N-glycan structures were recognized with a total of 77 structures identified from serum samples, which was an improvement over the previous study which identified a total of 37 N-glycan structures. 100 Tandem mass tag, an isobaric tag, was designed to utilize fragment ions derived from tandem mass spectrometry for quantitative analysis of peptides and proteins, as well as Nglycans. 105 ,107,108 Tandem mass tags are composed of the mass reporter, mass normalizer, and reactive functional groups. 108 The reactive functional groups (hydrazide or aminooxy moieties) are attached to the reducing end of the N-glycans through reductive amination. Both the mass reporter and mass normalizer groups contain isotope elements ( 13 C, D, or 15 N), so that the total mass of the tandem mass tag between the multiplexed labeling remains the same. Mass reporter ions are generated by collision-induced dissociation along with N-glycan fragments, and the relative abundance of each N-glycan is derived from the integrated area in extracted ion electropherograms. The use of aminooxy tandem mass tag labeling for Nglycan analysis was performed using CE electrospray ionization MS. Additionally, traveling wave ion mobility was incorporated after collision-induced dissociation as a second-dimension separation based on gas-phase mobilities. This was utilized to determine the relative abundance of N-glycan isomers through improved resolution. To generate a high abundance of reporter ions in the collision-induced dissociation cell, a pseudo-MS 3 method was applied. 105 Instead of using collision-induced dissociation results (i.e., MS 2 scan), both the intact N-glycan and N-glycan fragments that contain tandem mass tag reporter ions are observed, as shown in Figure 11 . The Y1 fragment (m/ z = 523), which is composed of monosaccharide and tandem mass tag, was generated in the ion source by increasing the cone voltage from 30 to 100 V. Once Y1 fragments were selected as the precursor ions, the mass spectra obtained from the MS 2 scan reveals reporter ions in the absence of interferences from N-glycan fragment ions. This is beneficial as the N-glycan fragments generally dominate the tandem mass spectra and make it difficult to detect the reporter ion. The quantification of N-glycans, including both high mannose and complex types, was demonstrated using the integrated areas of the reporter ions in the MS 2 
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APPLICATIONS
As described in this review, CE is a separation-based assay to identify and quantify carbohydrates. Generally, the method is adopted to address barriers in measurement technologies and then translated into a routine technique for monitoring industrial or clinical processes. Several areas of high activity were noted from 2014 to 2017 and are reviewed here. Glycans were heavily studied during this review period and a strong emphasis was apparent in biomarker discovery and biotherapeutic monitoring. This activity can be attributed to the separation power of CE and the ability to resolve complex mixtures and to separate positional isomers based on subtle differences in hydrodynamic volume. This has a profound impact on biological therapeutics where glycosylation is linked to product quality. Other areas, which are less prominent but also warrant attention, include characterization of glycosaminoglycans, as well as analyses of carbohydrates in food and plants.
5.1. Biomarkers 5.1.1. Changes within and across Individuals. The value of glycans as biomarkers has been established 109 in the past 5 years and continues to advance steadily. The variability associated with glycosylation as it occurs in the body must be assessed to establish the value in monitoring glycosylation as a biomarker for diseases. Hennig et al. noted a strong need to evaluate the stability of N-glycan profiles because most biomarker studies involve measurements at a single time point across disease states. 88 The purpose of the work by Hennig was to extend a prior study of individual variability within a 1-week period 110 and to build on prior reports that glycosylation is impacted by genetic background 111 or age.
112
The study by Hennig et al. utilized plasma samples from five healthy male volunteers over periods ranging from 1.5 to 6 years resulting in 135 samples. 88 Sampling intervals were more frequent during the first year. Lifestyle and health were noted 2 days prior to blood sampling and correlated with changes in the glycosylation profile. Plasma volumes of only 2 μL were used to obtain N-glycans that were separated using capillary gel electrophoresis and an instrument with 16 capillaries in parallel. The N-glycan composition was characterized with the aid of off-line exoglycosidase digestion (α2−3 and α2−3,6,8 sialidase; α1−3,4 and α1−2,3,4,6 fucosidase; β1−4 galactosidase; α1− 2,3,6 mannosidase; 1−2,3,4,6 N-acetyl glucosaminidase) of Nglycans to identify the structure of the 31 most abundant sialylated and asialylated peaks. The N-glycan assignment for each sample was assessed using a DNA internal standard with glyXtool for assignment by N-glycan migration time in the database, and the relative peak height proportions were calculated to transform migration data into an N-glycan fingerprint. The reproducibility of the method was determined across many variables and the average variability in the relative peak height proportions were 5.4% RSD in overall (n = 10) measurements with greater variability observed in low abundance peaks (11%) than for medium to high abundance (3%). Except in cases of illness or injury, the variation within an individual was low throughout the time course of the study but was higher across individuals. Injury evoked an increase in sialylated N-glycans and a marginal increase in galactosylation. Illness, associated with allergic response, led to an increase in the amount of triantennary N-glycan accompanied by a decrease in biantennary N-glycan composition. The authors concluded that N-glycan biomarkers may be well suited as personalized biomarkers, with changes in glycosylation monitored in an individual routinely prior to illness. 88 
Autoimmune Disorders.
Glycosylation is strongly linked to autoimmune disorders, and it has been postulated that unique N-glycan signatures associated with specific motifs at a specific antibody glycosylation site serve to identify and distinguish different autoimmune conditions. 113 Current research focuses on changes in antibody glycosylation as a means to provide insight into disease progression. Huang et al. used a combination of matrix assisted laser desorption ionization time-of-flight MS for structural confirmation and CE for identification and quantification of N-glycan isomers associated with rheumatoid arthritis (n = 15 patients against n = 15 controls). 55 CE results centered on 11 N-glycans, which demonstrated a decrease relative to healthy controls (p = 0.0001) in the galactosylation index, which is defined as the fractional composition of galactosylated N-glycan to total Nglycan response. 55 In a separate study, CE was used to evaluate the responsiveness of IgG treatment for both rheumatoid arthritis and Crohn's disease to treatment with anti-TNFα. 67 The N-glycan was derived from IgG isolated in serum samples that were collected 2 weeks post-treatment. For rheumatoid arthritis patients (n = 17), responding to the treatment (n = 11) was associated with changes only in 3 low abundance structures. Crohn's disease patients responding to treatment (n = 14) exhibited changes in several low abundant and a single high abundant N-glycan. One candidate biomarker from the low abundance N-glycans was statistically significant (p = 0.01).
CE was also used in conjunction with matrix assisted laser desorption ionization time-of-flight MS to profile HIV envelope glycoprotein. Guttman et al. analyzed the N-glycan composition of the gp120 subunit of the HIV envelope glycoprotein. 59 This subunit is of interest because it is highly (50% by mass) glycosylated. These researchers were able to demonstrate similarities among 3 recombinant gp120 samples (CM244, mother and infant) and then differences with a fourth sample (A244). Structural identification was possible using matrix assisted laser desorption ionization time-of-flight MS and a host of benchtop exoglycosidase reactions coupled with CE separations. A maltooligosaccharide ladder was used for peak assignment across runs.
5.1.3. Cancer. Excellent reviews have been published on the relevance of glycosylation to cancer diagnosis and prognosis. 114 Glycoconjugates are implicated in proliferation of malignant cells, migration, adhesion, and tumor evasion of the immune system. A hallmark of cancer is a change in the glycosylation pattern in tumor tissue and serum. 109, 115, 116 Mannose branching, 117 increased N-acetylglucosamine branching, 9 bisecting N-acetylglucosamine, 9 change in fucosylation 9,118 or polylactosamine, 9, 119 and increase in sialic acid content.
9,109
Most work involves N-glycans derived from glycoproteins; although a few analyses of intact glycoproteins have been reported. 120, 121 Several glycosylation signatures are associated with many different types of cancer. 109 CE has recently been used to analyze N-glycans derived from IgG in serum as a method for diagnosing epithelial ovarian cancer. 62 Schwedler et al. identified N-glycans using a standard library derived from glycoproteins subject to exoglycosidase (benchtop) digestion and migration times evaluated with the use of a GU migration time calibration. Through this effort 32 N-glycans were identified. When applied to a patient cohort of stage 3 or 4 epithelial ovarian cancer (n = 10) and healthy individuals (n = 5), researchers found significant differences in increased N-glycan branching and fucosylation in the samples from cancer patients. In a separate report, this research cohort focused on changes in glycosylation attributed to acute phase proteins to identify protein-specific differences in glycosylation for epithelial ovarian cancer. 121 Proteins extracted using isoelectric focusing and two-dimensional slab gels were identified with matrix assisted laser desorption ionization time-of-flight MS and subsequently extracted, in order to analyze the N-glycans by CE. With a small patient cohort (n = 5 cancer, n = 5 controls), several differences were identified among 7 acute phase proteins.
The sialylated N-glycans from ovarian cancer patients were investigated using methylation of sialic acids to enhance the separation. 61 The benefit of modifying sialic acid residues, for example, with methylation, is that chemical modification eliminates the charge. The increased mass of each modified residue leads to differences in mobility observed as slower migration times. This improves the peak resolution relative to traditional CE approaches. Sialylated N-glycans derived from IgG in serum were separated using a labeled glycan ladder and quantified. Using the methylation strategy, researchers were able to successfully resolve biantennary N-glycan from monosialylated, fucosylated biantennary N-glycan, which enabled them to observe a significant increase in biantennary N-glycan in epithelial ovarian cancer patients (n = 5) relative to the controls. A comparison of the results obtained for other Nglycans were similar with or without the methylation approach.
Sialic acids containing N-glycans have been chemically modified via methylamidation to enhance peak resolution, and the electrophoretic separations were capable of resolving N-glycans with different linkage positions. 100 In a separate study, chemical modification of sialic acid residues was also utilized in conjunction with microchip electrophoresis to identify biomarkers in colon cancer. 99 Modification of sialic acid residues led to a predictable change in the charge-to-size ratio of N-glycans and allowed for a better distribution of the N-glycans throughout the electrophoretic separation window. Differences in glycosylation among healthy controls (n = 20) and patients with colorectal cancer were evaluated following the first chemotherapy treatment (n = 26) and the third chemotherapy treatment (n = 16). The microchip electrophoresis yielded exceptional migration reproducibility (0.03% RSD), efficiency (700 000 theoretical plates), and separation speed (135 s). Matrix assisted laser desorption ionization timeof-flight MS and electrophoresis were used as complementary analytical tools, and both methods identified the same Nglycans as potential biomarkers to distinguish healthy controls from cancer patients following different treatment time points. These changes in the glycosylation profile were observed between treatments, demonstrating the potential to use glycosylation profiles to stage colorectal cancer.
CE was used to identify two fucosylated N-glycans to distinguish light chain multiple myeloma from IgG myeloma from IgA myeloma using a set of 12 N-glycans collected from 2 μL of serum from each patient. 52 The relative abundance of each peak was used for statistical comparison and was calculated as the sum of each peak to the cumulative peak area. In total, 167 samples were assessed from patients with light chain multiple myeloma (n = 42), IgG myeloma (n = 42), IgA myeloma (n = 41), and healthy controls (n = 42). In a separate study, 92 the same group evaluated N-glycans in serum from a patient cohort with gastric cancer (n = 25) and gastric ulcer (n = 80) as compared to healthy controls (n = 139). The study focused on fucosylation; 7 of the 9 N-glycans identified in the set were fucosylated. While specific fucosylated N-glycans decreased or increased, the total abundance of fucosylation reportedly decreased in gastric ulcer and in gastric cancer. Other researchers also determined that differences in fucosylated N-glycans in urine, as well as differences in triantennary structures, are potential biomarkers that complement prostate specific antigen in order to better differentiate patients with prostate cancer (n = 42) from those with benign prostrate hyperplasia (n = 62). 68 Chemical Reviews Others have also worked to expand the role of glycosylation in development, cellular differentiation, and aging. For instance, placental Nglycans have been profiled in an effort to obtain baseline data about glycosylation changes associated with the age of the mother or the period of gestation. 122 Both tissues cultured from animals and immortalized cells derived from tissue can be used to evaluate disease and the efficacy of treatment; however fundamental questions remain about the suitability of these systems. Complex N-glycans and glycosaminoglycans were monitored to provide insight into differences across an in vitro and in vivo model. 76 Both N-glycans and glycosaminoglycans were isolated and labeled, although the glycosaminoglycans were first digested with Pronase then chondroitinase. When analyzed by CE, carbohydrate profiles were different in cornea tissue as compared to immortalized cornea cells (i.e., Statens Seruminstitut rabbit cornea cells). The reason for these differences in N-glycan and glycosaminoglycan profiles was attributed to transition from epithelial to mesenchymal cells, warranting caution when comparing results across the tissue and immortalized cells derived from cornea tissue.
Other approaches centered on models of cell differentiation. Thiesler et al. used CE in conjunction with several biochemical assays to demonstrate a change in the N-glycan profile in cultured cells used to model different stages of PMM2-congenital disorder of glycosylation, a rare inherited disease. 66 These researchers focused on changes observed in high mannose N-glycans in cells used to model cells from healthy individuals as compared to phosphomannomutase 2-induced pluripotent stem cells developed to model the disorder. Many biochemical methods were utilized to complement the CE. CE separations of 22 N-glycans were transformed into fingerprints using N-glycan standards derived from asialofetuin. 66 Six abundant high-mannose-type N-glycans decreased in the phosphomannomutase 2-induced pluripotent stem cells. 66 In a separate study, changes in glycosylation were monitored during cellular differentiation of human induced pluripotent stem cells into cardiomyocytes using CE as well as MS. 123 Migration time precision and normalization of peak area were accomplished with an internal standard and GlyXtool software. Ten N-glycans changed across three time points (day 0, 7, and 15) 123 and supported the findings of previous studies of cardiomyocyte differentiation. In addition, three unique Nglycans previously not reported in these systems were found to decrease after the initial (day 0) measurement. 123 
Application to Biological Therapeutics
Sialylation on intact glycoproteins or glycopeptides is detected by CE because the negative charge changes the charge-to-size ratio and affects the mobility. This was demonstrated for a biological glycoprotein manufactured by Amgen. 124 Proteins were isolated using an isoelectric focusing separation prior to CE with UV−visible absorbance detection. Using an acidic background electrolyte, capillary coated with poly(vinyl alcohol), and reversed polarity, the product was separated into 9 peaks of different sialic acid composition. The sialic acid content was verified using a standard ninhydrin assay. Mapping of N-glycans was accomplished by enzymatically releasing Nglycans, which were then analyzed using MS. The separation could be used to evaluate protein products from different cell clones, to monitor the optimization of the preparative scale purification of the therapeutic product, and finally to monitor the product stability.
CE coupled with UV−visible absorbance detection or electrospray ionization and MS were used to compare the antibody-based drug cetuximab to a proposed generic replacement. 98 Cetuximab contains glycosylation sites in the antibody hinge region and near the Fab binding region. The glycosylation at these sites was distinguished using immunoglobulin degrading enzyme to cleave the intact F(ab) 2 region from the Fc chain. The protein fragments were separated and analyzed using a background electrolyte compatible with the sheathless electrospray ionization-MS and a capillary covalently modified with hydroxypropylcellulose to suppress EOF. The Fc2 fragment was resolved into multiple peaks, which contained 2 terminal lysine variants and different glycosylation. The F(ab) 2 fragments were separated into multiple peaks each containing different N-glycans. Four different sialylated Nglycan structures on some of the fragments were identified because sialylated N-glycans cause both a mobility shift and mass shift detectable by CE coupled to MS.
CE coupled with sheathless electrospray ionization and MS was also used to quantitatively characterize Avonex, which is a recombinant interferon-β1. 91 The protein was separated using a covalently cross-linked polyethyleneamine capillary and an acidic background electrolyte under conditions of reversed polarity. Of the 138 proteoforms, 55 were analyzed for deamidation, methionine loss, and glycosylation. The high efficiency of the separation resolved isobaric positional isomers of sialic acid residues and polyLacNac. Bench top reactions with exoglycosidases (galactosidase or sialidase) were conducted to confirm these structures.
Gahoual et al. utilized CE coupled with sheathless electrospray to compare two patented therapeutics with generic alternatives, called biosimilars. 125 CE was used to analyze glycopeptides from trastuzumab, cetuximab, and the biosimilar candidates to establish glycosylation. Cetuximab has two sites of glycosylation, and analysis of peptide fragments from the Fd domain within the antigen binding region established that the generic substitute did not contain α1−3 galactose residues found in the innovator drug. This is important because α-galactose is a non-human structure that elicits an adverse immune response. A generic form of cetuximab lacking α-galactose is a better product than the original drug, potentially making the generic form a new drug that can be patented.
A microchip electrophoresis separation with integrated nanoelectrospray ionization was coupled to MS to characterize several features of an antibody−drug conjugate. 126 The approach demonstrated the ability to confirm the presence of different glycosylation on the antibody. In a separate report, the same chip-based nanoelectrospray system was used to assess glycation on hemoglobin as a potential biomarker for diabetes management. 127 5.3. Other Carbohydrates 5.3.1. Glycosaminoglycans. Several reports have appeared during the time frame of this review on glycosaminoglycans, which are linear polymers that contain repeating disaccharide units of uronic acid and hexosamine residues. The most widely discussed glycosaminoglycan is heparin. Heparin is used as an anticoagulant, and monitoring the quality of heparin prior to administering it to patients has become particularly important after the deaths of over 100 people, which were attributed to the contamination of pharmaceutical heparin. 128, 129 Heparin is one of the most structurally complex glycosaminoglycans. Heparin has variable degrees of sulfation and alternating repeating units of α1−4 linked residues of Liduronic acid and N-,O-disulfated glucosamine, as shown in Figure 12 . The R groups represent where the structure can be substituted with a sulfate, hydrogen, or acetate group. There are eight possible combinations for heparin disaccharides depending upon the substituent group. The sheer heterogeneity of glycosaminoglycan structures presents an analytical challenge that is addressed through analyses of disaccharide composition. Analysis of even small glycosaminoglycan fragments is a daunting task and separation-based methods are still evolving. 128, 129 In an effort to address that need, a CE-MS method providing label-free, rapid, and sensitive analysis to characterize sulfated disaccharides and low molecular weight heparins was developed employing both positive 130 and negative modes. 131 An electrokinetic pump-based interface was used to couple the CE separation to the analysis. Different degrees of sulfation on the disaccharide were separated due to variation in the carried charges, and the identity was verified by exact mass. Both bottom-up and top-down approaches were applied to reveal the various sulfated disaccharides in Lovenox, a polycomponent low molecular weight heparin used for anticoagulant treatment. Sulfated disaccharide structures in relatively low abundance were identified with this method as a result of the 1000-fold enhancement in the limit of detection when the mass spectrometer was utilized as compared to UV detection. Twenty different types of low molecular weight heparins were identified with different characteristics with respect to sulfate, acetate, and 1,6 anhydrate groups. 130 CE methods were also developed to profile and quantify other glycosaminoglycans, including heparan sulfate, 132, 133 chondroitin sulfate, 132−134 dermatan sulfate, 133, 134 hyaluronan, 134 and keratin sulfate. 133 Glycosaminoglycans are typically first depolymerized using glycosaminoglycan lyases, 132, 133 which form disaccharides that are fluorescently labeled and separated based on the number of charged groups. One method achieved rapid profiling of up to 19 disaccharides in a single run. 133 CE techniques for profiling these glycosaminoglycans in urine have been demonstrated and hold the potential to be utilized for diagnosis of diseases in newborns, since uronic acid glycosaminoglycans serve as biomarkers for various diseases. 132 While depolymerization of glycosaminoglycans is commonly performed, other studies demonstrate the use of CE for the analysis of intact heparin, chondroitin sulfate, dermatan sulfate, and hyaluronan, 134 as well as K4 and K5 capsular polysaccharides that are chondroitin sulfate and heparin starting materials. 135 In addition to monitoring glycosaminoglycans in samples, CE has also been applied to study the binding interactions of glycosaminoglycans with apolipoproteins. 136 Witos et al. utilized a partial filling-affinity CE technique in order to distinguish weak and strong binding between glycosaminoglycans and apolipoproteins. An excellent discussion of the power of CE, including different modes of separation, to elicit information about glycosaminoglycans and proteins in general has recently been published. 137 
Food and Plant Carbohydrate Analyses.
Carbohydrates relevant to food and plants pose several challenges for analysis that have resulted in the development of strategic techniques to overcome these barriers. These carbohydrates are neutral and do not absorb well in the UV range, which makes analysis using CE combined with UV detection difficult. To facilitate the CE separation, mono-and disaccharides are commonly separated by employing a borate buffer, as has been demonstrated recently using samples such as caprine milk, 138 honey, 139 and the herb purslane. 140 Boric acid forms negatively charged complexes with diol groups, which circumvents the issue of the carbohydrates being neutral and enables the separation of the mono-and disaccharides by charge-to-size ratio. These mono-and disaccharides can also be separated by adjusting the pH of the background electrolyte to a pH above 11. Using these extremely alkaline buffers causes deprotonation of the carbohydrates and provides a negative charge. The technique has been applied for the charge-to-size ratio separation of mono-and disaccharides in a wide variety of food and plants, such as honey, 141 breakfast cereals, 142 juice and nectar from fruits, 143 and others. 144−146 While most of these analyses rely on direct 139, 140, 142, 144 or indirect 138, 141, 143, 145 detection by UV absorbance, one study demonstrated the use of capacitively coupled contactless conductivity detection coupled with electrospray ionization MS, 146 which the authors suggest can be used for the detection of neutral species that may be overlooked in electrospray ionization MS due to poor ionization efficiency.
More complex polysaccharides, such as amylopectin, found in food and plants are typically analyzed using fluorophore assisted carbohydrate electrophoresis. 45,147−150 For this technique, the polysaccharides are debranched using enzymes. The polysaccharide fragments produced by debranching each contain a reducing end to which a fluorophore can be conjugated. This enables detection of the debranched polysaccharides through laser-induced fluorescence. Debranching also reduces the structure down to the linear chain, removing the complication of changes in hydrodynamic volume due to the branches when determining the degree of polymerization. Once derivatized with a fluorophore, the carbohydrates are analyzed using a neutral coated capillary under reverse polarity. This technique had been utilized to quantify the polydispersity of amylopectin in food, a characteristic that impacts the quality of rice, 147 up to a degree of polymerization of 160. 148, 150 While digestion is not necessary for the carbohydrate analysis, 45, 147, 148, 150 one report demonstrates the applicability of this method to examine the ability for a starch to be digested in the body by analyzing carbohydrate profiles after performing an in vitro digestion. The establishment of CE in so many diverse applications is a testament to the importance of this method in glycosciences.
Given the accelerating discoveries in glycosylation and the ever evolving need for new technologies, CE will play a more prominent role in this field. Certain aspects of this technology are areas to watch for future growth. The first area of profound impact will be as a tool to complement current 18, 47, 94, 95 and emerging techniques 151 to characterize and quantify positional and linkage isomers for the exploding biological therapeutics market. Several collective innovations make this possible. Significant progress has been achieved for migration time databases using polysaccharide or DNA ladders that yield unprecedented precision in time-based peak identification for CE separations coupled with fluorescent detection. The sample preparation bottleneck is addressed with new tools for integrated and automated multistep processing. This streamlined work flow for sample preparation begins with raw sample and ends with injection-ready glycans by automating antibody purification, deglycosylation, labeling, and sample clean up. With the easy generation of large batches of samples, manufacturers of biologics have the power to easily and routinely monitor changes in glycosylation that can occur with change in the cell culture conditions. 10 This level of automated monitoring utilizing commercial robotics, as shown in Figure  13 , will ultimately improve the quality of products delivered to consumers.
The use of lectins and enzymes has become more common, and commercial systems have been adapted to automatically incubate and process exoglycosidase reactions for improved linkage and monomer identification. 152 The high cost and long reaction times make integration of enzymatic processing less appealing but the potential of using in-line methods of enzyme processing are a promising solution. 96 The recent discovery of materials to increase the enzyme lifetime from days to months is fundamental to lowering the overall cost. 77, 93 A dramatic reduction in cost and time is realized when nanoliter reaction volumes are used. Patterning separation capillaries with sequential enzyme cartridges is an effective step forward to higher throughput screening with enzymes and is also invaluable to screening for the potential for enzymatic remodeling of glycosylation.
Realizing the Full Power of Electrophoresis and MS
The benefit of more conclusive structural identification can be achieved if the strengths of MS and CE are leveraged. This is demonstrated in reports that utilize differences in mobilities to distinguish linkage position 102 or harness the MS to resolve peaks that comigrate 102, 104 in CE. A second area of growth to watch is a growing use of commercial systems that couple CE and MS. The commercialization of robust interfaces for endusers has dramatically increased the accessibility of the method. These include the means to decouple the separation current from the electrospray process while avoiding dilution associated with the transfer of the nanoliter flow rates in the electrophoresis capillary. 106 Improvements in the compatibility of electrophoresis and MS, including new ionization strategies and more flexibility in combining detection modalities, will increase the prevalence of CE in biomarker discovery. Growth in MS citations in glycosciences have paralleled citation rates for biomarker discovery. The current emphasis on analyses of glycopeptides and glycoproteins with CE-MS systems as changes in both the glycosylation pattern as well as the location of glycosylation may be more powerful in biomarker specificity and sensitivity. Combining the unprecedented separation power of CE, a migration database, and structural determination would lead to a high level of certainty in identification utilizing methods capable of high throughput analyses.
A commercial microfluidic electrophoresis device designed for MS is available (see Figure 14) . The microfluidic device has been utilized for glycoprotein and glycopeptide analyses. 107, 127, 153 This recently developed microfluidic device (ZipChip CE), which is surface modified to minimize protein adsorption and suppress EOF, integrates the electrospray interface into the microfluidic chip maintaining steady flow rate and electrospray ionization. Mass spectrometric compatible buffers were employed for the separation of glycopro- Figure 13 . Photograph of the laboratory set up for the Biomek FXP Laboratory Automation Workstation, which was used to automate work flow for APTS labeling and purification of carbohydrates. The lab materials required for this include a lid for the pipet box to reduce evaporation (1), a 96-sample tray for a capillary electrophoresis instrument (2), a Peltier shaker (3), 20 μL pipet tips (4), labeling reagents and magnetic beads (5), a 96-well PCR plate on a magnetic stand (6), 1000 μL pipet tips (7), and a 24-well plate for large volumes of reagent (8) teins, 126, 127, 153 glycopeptides, 107 oligosaccharides, 107 and monosaccharides. 107 The microfluidic devices have been utilized for separations of oligosaccharides and monosaccharides labeled with tandem mass tags, demonstrating the structural identification and quantification observed with high throughput and automated benchtop instruments. 107 
Future Directions
Researchers continue to tailor CE separations to meet the challenges faced by the carbohydrate chemistry community. As carbohydrate biomarkers gain more prominence, the technique will be adapted further. Future applications may rely on more portable methods of analyses based on microfluidic chips. These may utilize miniaturized detectors, contactless conductivity detection, or fluorescence detection with light emitting diodes and a CCD camera. 154 Finally, as new carbohydrates continue to be identified and as researchers strive to analyze highly complex mixtures, CE separations with higher peak capacity will gain more attention.
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